In recent years, defective TiO 2 -based composite nanomaterials have received much attention in the field of photocatalysis. In this work, TiB 2 was used as a precursor to successfully prepare Ti 3+ defective TiO 2 (TiO 2 -B) with a truncated bipyramidal structure by a one-step method. Then, the SnS 2 nanosheets were assembled onto the as-prepared TiO 2 -B through simple hydrothermal reaction. TiO 2 -B exhibits strong visible light absorption properties, but the recombination rate of the photo-generated electron-hole pair was high and does not exhibit ideal photocatalytic performance. Upon introducing SnS 2 , the heterojunction catalyst SnS 2 -Ti 3+ defective TiO 2 (SnS 2 /TiO 2 -B) not only possesses the strong light absorption from UV to visible light region, the lowest photo-generated charge recombination rate but also achieves a more negative conduction band potential than the reduction potential of CO 2 to CO, and thereby, exhibits the significantly enhanced selectivity and yield of CO in photocatalytic CO 2 reduction. Notably, SnS 2 /TiO 2 -B produces CO at a rate of 58 µmol·h −1 ·g −1 with CO selectivity of 96.3% under visible light irradiation, which is 2 and 19 times greater than those of alone TiO 2 -B and SnS 2 , respectively. Finally, a plausible photocatalytic mechanism on SnS 2 /TiO 2 -B was proposed that the electron transfer between TiO 2 and SnS 2 follows the Z-scheme mode. Our results present an effective way to gain highly efficient TiO 2 based photocatalysts for CO 2 reduction by combining different modification methods of TiO 2 and make full use of the synergistic effects.
Introduction
In modern society, the energy crisis and global warming have been two serious issues for human beings to face. As it is known, most of the energy demands are fulfilled through the combustion of fossil fuels, and then the excessive utilization of fossil fuels cause the ever-increasing emission of greenhouse gas CO 2 , a major contributor to global warming [1, 2] . As one of the sustainable "green" approaches towards solving above issues, photocatalytic reduction of CO 2 into high value-added chemicals has remarkable advantages in terms of utilizing renewable energy and reducing CO 2 emissions simultaneously [3] .
Titanium dioxide (TiO 2 ), as a typical semiconductor, has gained lots of interest due to its environmental friendliness, low cost, resistance to light corrosion, and high stability [4] [5] [6] . However, it has drawbacks in terms of the ineffective utilization of visible light and low quantum efficiency
Results and Discussion

Synthesis and Characterization
The preparation route of SnS 2 /TiO 2 -B is illustrated in Figure 1 . A certain amount of HF aqueous solution is mixed with the sonicated TiB 2 suspension. Then a hydrothermal reaction of the mixture is conducted in a 100 mL Teflon-lined autoclave at 180 • C for 12 h. After the reaction, the dark blue Ti 3+ defective TiO 2 (TiO 2 -B) is obtained. Then TiO 2 -B is mixed with an aqueous solution of Poly (sodium 4-styrenesulfonate) (PSS) for 20 min. The treated TiO 2 -B is then dispersed in deionized water in a 100 mL Teflon tube. After adding an appropriate amount of SnCI 4 ·5H 2 O, thioacetamide (TAA) and acetic acid, the hydrothermal reaction is performed at 160 • C for 12 h. Finally, a heterojunction photocatalyst SnS 2 /TiO 2 -B is obtained.
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The preparation route of SnS2/TiO2-B is illustrated in Figure 1 . A certain amount of HF aqueous solution is mixed with the sonicated TiB2 suspension. Then a hydrothermal reaction of the mixture is conducted in a 100 mL Teflon-lined autoclave at 180 °C for 12 h. After the reaction, the dark blue Ti 3+ defective TiO2 (TiO2-B) is obtained. Then TiO2-B is mixed with an aqueous solution of Poly (sodium 4-styrenesulfonate) (PSS) for 20 min. The treated TiO2-B is then dispersed in deionized water in a 100 mL Teflon tube. After adding an appropriate amount of SnCI4·5H2O, thioacetamide (TAA) and acetic acid, the hydrothermal reaction is performed at 160 °C for 12 h. Finally, a heterojunction photocatalyst SnS2/TiO2-B is obtained. The X-ray diffraction (XRD) patterns of SnS2, TiO2-B, and SnS2/TiO2-B are shown in Figure 2 . The XRD peaks of SnS2 and TiO2-B are indexed to pure hexagonal phase SnS2 (berndtite-2H, JCPDS No. 01-089-2358) and tetragonal phase TiO2 (anatase, JCPDS No. 01-078-2486), respectively [28] . The sample SnS2/TiO2-B shows the characteristic peaks of both TiO2-B and SnS2, demonstrating that SnS2 is successfully assembled onto the TiO2-B. However, the peak intensities corresponding to SnS2 are very weak, which is ascribed to the low content of SnS2 in SnS2/TiO2-B (7.6 wt.% based on the elemental mapping result) [29] . Besides, the control samples TiO2-W, SnS2/TiO2-W obtained through calcination treatment of TiO2-B, SnS2/TiO2-B in muffle are also characterized and the results are shown in Figure S1 . The peaks of TiO2-W are identical to that of TiO2-B, indicating that calcination treatment does not change the crystal structure. SnS2/TiO2-W also contains peaks of TiO2-W and SnS2, indicating the successful combination of SnS2 and TiO2-W. Figure 3a , it can be seen that TiO 2 -B presents a nanoplate structure with a size of about 500 to 700 nm wide and a thickness of about 80 nm. In addition, the enlarged SEM image ( Figure S2a ) of TiO 2 -B crystals reveals a truncated bipyramidal structure, in which there are the co-exposed {001} and {101} facets according to the literature [22, [30] [31] [32] . Figure 3b shows the SEM image of TiO 2 -W. It indicates that the nanoplate morphology remains substantially intact after calcination except some flakes forming on the surface. Besides, the optical photographs of TiO 2 -B before and after calcination are compared as shown in Figure S2 , a significant color change from black blue to white can be observed after calcination in an oxygen atmosphere, meaning that TiO 2 -W could hardly absorb visible light due to the absence of Ti 3+ defects [13] . In addition, it is found that the mass of TiO 2 -W increased by about 5 wt.% compared with that of TiO 2 -B, indicating the oxidation reaction of the defective TiO 2 -B, which could be as evidence that TiO 2 -B possesses the oxygen vacancy due to partial reduced state Ti ions. After loading SnS 2 (Figure 3c,d Figure 3 shows the SEM images of the as-prepared samples TiO2-B, TiO2-W, SnS2/TiO2-B, and SnS2/TiO2-W. From Figure 3a , it can be seen that TiO2-B presents a nanoplate structure with a size of about 500 to 700 nm wide and a thickness of about 80 nm. In addition, the enlarged SEM image ( Figure S2a ) of TiO2-B crystals reveals a truncated bipyramidal structure, in which there are the co-exposed {001} and {101} facets according to the literature [22, [30] [31] [32] . Figure 3b shows the SEM image of TiO2-W. It indicates that the nanoplate morphology remains substantially intact after calcination except some flakes forming on the surface. Besides, the optical photographs of TiO2-B before and after calcination are compared as shown in Figure S2 , a significant color change from black blue to white can be observed after calcination in an oxygen atmosphere, meaning that TiO2-W could hardly absorb visible light due to the absence of Ti 3+ defects [13] . In addition, it is found that the mass of TiO2-W increased by about 5 wt.% compared with that of TiO2-B, indicating the oxidation reaction of the defective TiO2-B, which could be as evidence that TiO2-B possesses the oxygen vacancy due to partial reduced state Ti ions. After loading SnS2 (Figure 3c Figure 4a shows the typical TEM images of SnS2/TiO2-B. From Figure 4a , it can be seen that SnS2 nanosheets grow flatly or vertically on the TiO2-B the surface. Furthermore, a high-resolution TEM image of SnS2 nanosheets (Figure 4b ) displays the inter-planar distance of 0.31 nm, which is consistent with that of SnS2 {100} plane [33] . The selected area electron diffraction (SEAD) pattern ( Figure 4c ) reveals the presence of both TiO2 and SnS2 crystals in the heterostructure SnS2/TiO2-B, and a single-crystalline TiO2-B with co-exposed {101} and {001} facets [12, 27, 34] . In addition, the magnified HRTEM image (Figure 4d ) of the interface region clearly displays the interplanar distances of 0.35 and 0.59 nm, corresponding to the {101} plane of TiO2 and the {001} plane of SnS2, respectively. What's more, the TEM elemental mapping of SnS2/TiO2-B has been performed to identify the spatial distributions of elements Ti, O, Sn and S, as shown in Figure 4e -i. It is indicated that the elements Sn, S evenly distribute on a support consisting of densely distributed Ti, O elements. The above results clearly demonstrate that the TiO2-B nanoplate surfaces are coated by SnS2 and the interface heterojunction forms between TiO2-B and SnS2. The tight heterojunction structure of SnS2/TiO2-B would benefit the interfacial charge transfer spatially, and thereby increase the photocatalytic activity [35] . Figure 4a shows the typical TEM images of SnS 2 /TiO 2 -B. From Figure 4a , it can be seen that SnS 2 nanosheets grow flatly or vertically on the TiO 2 -B the surface. Furthermore, a high-resolution TEM image of SnS 2 nanosheets (Figure 4b ) displays the inter-planar distance of 0.31 nm, which is consistent with that of SnS 2 {100} plane [33] . The selected area electron diffraction (SEAD) pattern ( Figure 4c ) reveals the presence of both TiO 2 and SnS 2 crystals in the heterostructure SnS 2 /TiO 2 -B, and a single-crystalline TiO 2 -B with co-exposed {101} and {001} facets [12, 27, 34] . In addition, the magnified HRTEM image (Figure 4d ) of the interface region clearly displays the interplanar distances of 0.35 and 0.59 nm, corresponding to the {101} plane of TiO 2 and the {001} plane of SnS 2 , respectively. What's more, the TEM elemental mapping of SnS 2 /TiO 2 -B has been performed to identify the spatial distributions of elements Ti, O, Sn and S, as shown in Figure 4e -i. It is indicated that the elements Sn, S evenly distribute on a support consisting of densely distributed Ti, O elements. The above results clearly demonstrate that the TiO 2 -B nanoplate surfaces are coated by SnS 2 and the interface heterojunction forms between TiO 2 -B and SnS 2 . The tight heterojunction structure of SnS 2 /TiO 2 -B would benefit the interfacial charge transfer spatially, and thereby increase the photocatalytic activity [35] . The surface compositions and chemical states of the as-prepared samples have been investigated by XPS. As seen in Figure S3a Figure 5a shows the comparison of the Ti 2p core-level spectra of samples TiO2-B, TiO2-W, SnS2/TiO2-W and SnS2/TiO2-B. For samples TiO2-B and TiO2-W, two peaks at 458.9 and 464.5 eV are assigned to Ti (IV) 2p3/2 and Ti (IV) 2p1/2, and another two at 458.2 and 463.9 eV are assigned to Ti (III) 2p3/2 and Ti (III) 2p1/2, respectively [35, 36] . Obviously, the intensities of two Ti (III) 2p peaks decrease significantly for sample TiO2-W, indicating that most of Ti 3+ ions in TiO2-B are oxidized to Ti 4+ ions during calcination. Therefore, it is reasonable to use TiO2-W as a control sample without Ti 3+ defects, and then to explore the role of Ti 3+ defects in TiO2-B for photocatalytic reduction of CO2. Furthermore, as for SnS2/TiO2-B and SnS2/TiO2-W, the four peaks of Ti 2p all shift to higher binding energy (BE), and the positive shift is even significant for SnS2/TiO2-B, which demonstrates stronger interface interaction between TiO2-B and SnS2. Figure 5b displays the O 1s core-level spectra for SnS2/TiO2-B and SnS2/TiO2-W. The three peaks at the binding energy of 530.4, 531.5 and 532.8 eV are attributed to the Ti−O bond, Ti-OH group and the oxygen vacancy (OVS) in the vicinity of Ti 3+ , respectively [35] . Notably, SnS2/TiO2-B exhibits higher peak intensity corresponding to OVS than that of SnS2/TiO2-W, indicating more oxygen vacancies exist in SnS2/TiO2-B. This is consistent with the above analysis for Ti 2p spectra. In respect of the spectra of Sn 3d shown in Figure 5c , both pure SnS2 and SnS2/TiO2-B show two peaks corresponding to the Sn 3d5/2 and Sn 3d3/2 of Sn(IV) [27, 37, 38] . Besides, the S 2p core-level spectra of single SnS2 and SnS2/TiO2-B are given in Figure 5d . It can be seen that the S 2p3/2 and S 2p1/2 peaks for SnS2 are centered at around 161.3 and 162.5 eV, respectively, which agree with the reference values of S-Sn bond in SnS2 [37] . In contrast, it is observed that binding energies of S 2p3/2 and S 2p1/2 of SnS2/TiO2-B display the negative shift of 0.3 eV comparing with that of pure SnS2, which might be caused by the interface interaction between TiO2-B and SnS2. Based on the above XPS results, it is clearly demonstrated that TiO2-B prepared by TiB2 possesses a large number of the The surface compositions and chemical states of the as-prepared samples have been investigated by XPS. As seen in Figure S3a Figure 5a shows the comparison of the Ti 2p core-level spectra of samples TiO 2 -B, TiO 2 -W, SnS 2 /TiO 2 -W and SnS 2 /TiO 2 -B. For samples TiO 2 -B and TiO 2 -W, two peaks at 458.9 and 464.5 eV are assigned to Ti (IV) 2p 3/2 and Ti (IV) 2p 1/2 , and another two at 458.2 and 463.9 eV are assigned to Ti (III) 2p 3/2 and Ti (III) 2p 1/2 , respectively [35, 36] . Obviously, the intensities of two Ti (III) 2p peaks decrease significantly for sample TiO 2 -W, indicating that most of Ti 3+ ions in TiO 2 -B are oxidized to Ti 4+ ions during calcination. Therefore, it is reasonable to use TiO 2 -W as a control sample without Ti 3+ defects, and then to explore the role of Ti 3+ defects in TiO 2 -B for photocatalytic reduction of CO 2 . Furthermore, as for SnS 2 /TiO 2 -B and SnS 2 /TiO 2 -W, the four peaks of Ti 2p all shift to higher binding energy (BE), and the positive shift is even significant for SnS 2 /TiO 2 -B, which demonstrates stronger interface interaction between TiO 2 -B and SnS 2 . Figure 5b displays the O 1s core-level spectra for SnS 2 /TiO 2 -B and SnS 2 /TiO 2 -W. The three peaks at the binding energy of 530.4, 531.5 and 532.8 eV are attributed to the Ti−O bond, Ti-OH group and the oxygen vacancy (O VS ) in the vicinity of Ti 3+ , respectively [35] . Notably, SnS 2 /TiO 2 -B exhibits higher peak intensity corresponding to O VS than that of SnS 2 /TiO 2 -W, indicating more oxygen vacancies exist in SnS 2 /TiO 2 -B. This is consistent with the above analysis for Ti 2p spectra. In respect of the spectra of Sn 3d shown in Figure 5c , both pure SnS 2 and SnS 2 /TiO 2 -B show two peaks corresponding to the Sn 3d 5/2 and Sn 3d 3/2 of Sn(IV) [27, 37, 38] . Besides, the S 2p core-level spectra of single SnS 2 and SnS 2 /TiO 2 -B are given in Figure 5d . It can be seen that the S 2p 3/2 and S 2p 1/2 peaks for SnS 2 are centered at around 161.3 and 162.5 eV, respectively, which agree with the reference values of S-Sn bond in SnS 2 [37] . In contrast, it is observed that binding energies of S 2p 3/2 and S 2p 1/2 of SnS 2 /TiO 2 -B display the negative shift of 0.3 eV comparing with that of pure SnS 2 , which might be caused by the interface interaction between Catalysts 2019, 9, 927 6 of 16 TiO 2 -B and SnS 2 . Based on the above XPS results, it is clearly demonstrated that TiO 2 -B prepared by TiB 2 possesses a large number of the reduced states Ti (III) along with oxygen vacancies, which are maintained well in the composite SnS 2 /TiO 2 -B. In addition, for SnS 2 /TiO 2 -B, the strong electronic interaction between TiO 2 -B and SnS 2 due to the formation of heterojunction interfaces, could provide an effective channel for the separation and transfer of charge carriers [27, 28, 39, 40] .
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The band gaps of the as-prepared samples have been calculated according to the following formula: [43] The optical properties of the as-prepared samples have also been investigated. UV−vis absorption spectra are shown in Figure 6a . TiO 2 -W exhibits a typical absorption band of the commercial TiO 2 with the absorption edge around 400 nm. In contrast, TiO 2 −B shows relatively strong absorption in the UV light range along with strong absorption in visible light region starting from 400 nm, which is in agreement with the photo-absorption profiles of the reported Ti 3+ defective TiO 2 [41] . As reported, the Ti 3+ defects form an extra state below the conduction band of TiO 2 with the largest state density at about 0.8 eV, which could extend the photo-response of TiO 2 to visible light range. Moreover, SnS 2 , a typical semiconductor with visible light response, shows the light-absorbing ability nearly in the entire UV−vis region [42] . Accordingly, the composite samples with TiO2-B shows much narrower the band gap of 2.50 eV, owing to the presence of Ti state lying below the conduction band of TiO2. What's more, both SnS2/TiO2-B and SnS2/TiO2-W present even much narrower band gaps of 2.05 and 2.18 eV, respectively. The narrowest band gap of SnS2/TiO2-B among these test samples should be ascribed to the synergistic effects resulting from both high-density state of Ti 3+ and the formation of heterojunction structure between SnS2/TiO2-B, which would improve the photocatalytic activity under visible light irradiation. The Mott−Schottky measurements have been performed to calculate the energy band positions (ECB for conduction band and EVB for valence band) of samples SnS2/TiO2-B, SnS2/TiO2-W, TiO2-B, TiO2-W, and SnS2. The conduction band potential of a sample can be calculated through the intersection value of the linear part of its MS curve and the abscissa axis [45] . As shown in Figure  7a -e, the slopes of the MS curves for all samples are positive, indicating that they are n-type semiconductors. By fitting the obtained MS curves, the ECB values of SnS2/TiO2-B, SnS2/TiO2-W, TiO2-B, TiO2-W, and SnS2 are evaluated to be −1.21, −0.78, −0.59, −0.70, −0.90 eV, respectively. Furthermore, the valence band positions of samples can be estimated by the formula (EVB = Eg + ECB) [46] . Accordingly, the EVB values of SnS2/TiO2-B, SnS2/TiO2-W, TiO2-B, TiO2-W, and SnS2 are obtained as 0.84, 1.40, 2.00, 2.37, 1.24 eV, respectively. Based on the above results, the band structures of these samples are summarized in Figure 7f . It is indicated that the conduction band potentials of all samples are located above CO2/CO redox potential, which mean that after the electrons in the valence band of the semiconductor are excited by the photons to the conduction band, the electrons on the conduction band can transition to the CO2 molecules adsorbed on the surface of the catalyst to carry out the reduction reaction [45, 47] . However, from a kinetics point of view, it is, in fact, critical to providing an overpotential, that is, there should be substantial margins over the reduction potential of CO2. Without an overpotential, even a good catalyst would not ensure a high rate of reaction [38] . Obviously, among these samples, SnS2/TiO2-B shows the highest conduction band potential and enough wide band gap spanning the range of the reduction and oxidation potentials, suggesting its strongest reduction ability to convert CO2 to CO under light irradiation [48] . The band gaps of the as-prepared samples have been calculated according to the following formula: [43] (
where α, h, ν, B, and E g are the absorption coefficient, discrete photon energy, a constant and band gap, respectively. Herein, the value of x depends on the characteristics of the transition in a semiconductor: 2 for SnS 2 and 1/2 for TiO 2 based on the definition of direct transition semiconductor (x = 2) and indirect transition semiconductor (x = 1/2), respectively. Taking hν as the abscissa axis and (αhν) x as the ordinate axis, the corresponding plots are obtained. As shown in Figure 6b , the band gap values of SnS 2 and TiO 2 -W are evaluated to be 2.14 and 3.07 eV, respectively, which are consistent with the reported values [27, 44] . The conduction band potential of a sample can be calculated through the intersection value of the linear part of its MS curve and the abscissa axis [45] . As shown in Figure 7a Figure 7f . It is indicated that the conduction band potentials of all samples are located above CO 2 /CO redox potential, which mean that after the electrons in the valence band of the semiconductor are excited by the photons to the conduction band, the electrons on the conduction band can transition to the CO 2 molecules adsorbed on the surface of the catalyst to carry out the reduction reaction [45, 47] . However, from a kinetics point of view, it is, in fact, critical to providing an overpotential, that is, there should be substantial margins over the reduction potential of CO 2 . Without an overpotential, even a good catalyst would not ensure a high rate of reaction [38] . Obviously, among these samples, SnS 2 /TiO 2 -B shows the highest conduction band potential and enough wide band gap spanning the range of the reduction and oxidation potentials, suggesting its strongest reduction ability to convert CO 2 to CO under light irradiation [48] . Moreover, the photoluminescence (PL) spectra were applied to evaluate the separation and recombination of the photo-generated charge carriers, which is an important factor for an efficient photocatalyst. Figure 8a depicts the PL spectra of SnS2/TiO2-B, SnS2/TiO2-W, TiO2-B, TiO2-W and SnS2 with an excitation wavelength λ = 370 nm. As shown in Figure 8a , TiO2-B, SnS2 and TiO2-W exhibit high PL intensity due to the quick recombination of the electron-hole pairs, which might lead to the lower photocatalytic activity despite having the strong light absorption. According to the literature, Ti 3+ defects or oxygen vacancies are likely to be the photo-generated electron-hole recombination centers [49] [50] [51] . Therefore, it is believed that the high recombination rate for TiO2-B is caused by the presence of a large amount of Ti 3+ defects in the bulk TiO2-B. Generally, the introduction of another semiconductor is an effective approach by constructing the interfacial heterojunction [14] . When their band gap edges match, an electron is preferentially transferred to the semiconductor with the lower CB edge, while a hole moves in the opposite direction to a higher VB level, thereby the recombination rate decreases [38] . Accordingly, upon introducing SnS2, it is obvious that both SnS2/TiO2-B and SnS2/TiO2-W show the decreased PL intensity, which confirms that the alignment of the band gap edges between SnS2 and TiO2-B or TiO2-W, thereby suppressing the recombination of electron-hole pairs [29] . Notably, SnS2/TiO2-B displays the lowest intensity among samples, which suggests its outstanding ability to separate and transfer the electrons and holes. In addition, the PL peaks of SnS2/TiO2-W and SnS2/TiO2-B move to the longer wavelength direction between the PL peaks of TiO2-W, TiO2-B, and SnS2, indicating an extension in the Moreover, the photoluminescence (PL) spectra were applied to evaluate the separation and recombination of the photo-generated charge carriers, which is an important factor for an efficient photocatalyst. Figure 8a depicts the PL spectra of SnS 2 /TiO 2 -B, SnS 2 /TiO 2 -W, TiO 2 -B, TiO 2 -W and SnS 2 with an excitation wavelength λ = 370 nm. As shown in Figure 8a , TiO 2 -B, SnS 2 and TiO 2 -W exhibit high PL intensity due to the quick recombination of the electron-hole pairs, which might lead to the lower photocatalytic activity despite having the strong light absorption. According to the literature, Ti 3+ defects or oxygen vacancies are likely to be the photo-generated electron-hole recombination centers [49] [50] [51] . Therefore, it is believed that the high recombination rate for TiO 2 -B is caused by the presence of a large amount of Ti 3+ defects in the bulk TiO 2 -B. Generally, the introduction of another semiconductor is an effective approach by constructing the interfacial heterojunction [14] . When their band gap edges match, an electron is preferentially transferred to the semiconductor with the lower CB edge, while a hole moves in the opposite direction to a higher VB level, thereby the recombination rate decreases [38] . Accordingly, upon introducing SnS 2 , it is obvious that both SnS 2 /TiO 2 -B and SnS 2 /TiO 2 -W show the decreased PL intensity, which confirms that the alignment of the band gap edges between SnS 2 and TiO 2 -B or TiO 2 -W, thereby suppressing the recombination of electron-hole pairs [29] . Notably, SnS 2 /TiO 2 -B displays the lowest intensity among samples, which suggests its outstanding ability to separate and transfer the electrons and holes. In addition, the PL peaks of SnS 2 /TiO 2 -W and SnS 2 /TiO 2 -B move to the longer wavelength direction between the PL peaks of TiO 2 -W, TiO 2 -B, and SnS 2 , indicating an extension in the absorption range of light through forming a heterojunction [52] . Furthermore, the photocurrent (I ph ) responses were also measured to investigate the property of the separation and transfer of the photoinduced charge carriers. As shown in Figure 8b , the photocurrent of SnS 2 /TiO 2 -B is as high as about 14 and 7 times of those of TiO 2 -B and SnS 2 alone, respectively. The higher photocurrent demonstrates that the decoration of SnS 2 on TiO 2 -B is able to facilitate the generation of more electron−hole pairs by extending the light absorption range for harvesting more light. In addition, the energetically favorable band alignment between SnS 2 and TiO 2 -B is beneficial for promoting efficient interfacial charge transfer.
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Consequently, the above results demonstrate that combination of SnS2 and TiO2-B achieves an optimal band gap, which is not only narrow enough for obtaining strong absorption throughout UV and visible light region but also wide enough for spanning the range of the reduction and oxidation potentials relevant to the photocatalytic reduction of CO2 and oxidation of H2O. In addition, the low recombination rate of electron-hole pairs by interface heterojunction and enough overpotential for the reduction of CO2 to CO are achieved as well. All these advantages could enable it the excellent photocatalytic performance in CO2 reduction. 
Photocatalytic Activity
The photocatalytic CO2 reduction reaction was carried out in a 270 mL Pyrex reactor containing 20 mL N, N-dimethylformamide (DMF) and 10 mL ultrapure water. All samples were tested for 4 h under simulated solar light and visible light irradiation, respectively. The gaseous products obtained are analyzed by GC. The results indicate that the main product from CO2 reduction is CO, while hydrogen is in a negligible amount and no CH4 or other gases are detected. Figure 9a exhibits the CO production profile with reaction time under simulated solar light irradiation. It can be seen that SnS2 shows the lowest CO amount during entire reaction period due to the quick recombination of electron-hole pairs as indicated in Figure 8a . While TiO2-W, SnS2/TiO2-W show improved CO production than SnS2, in agreement with the order of the photocurrent responses shown in Figure 8b . Herein, it is believed that the unique truncated bipyramidal structure of TiO2 with the co-exposed {101} and {001} facets play an essential role in enhancing reduction of CO2, possibly through promoting the absorption and activation of CO2, or the improved separation of electro-hole pairs [12] . By contrast, TiO2-B shows higher CO production than TiO2-W, SnS2/TiO2-W, and SnS2, although TiO2-B displays the lowest photocurrent and highest PL intensity. It is suggested that Ti 3+ defects play a dominant role in increase CO production. Generally, the efficiency of CO2 photocatalytic reduction mainly depends on the chemisorption and activation of CO2, light-harvesting, charge separation, and transfer. It should be noted that the chemisorption and activation of CO2 is the initial and crucial step in CO2 photocatalytic reduction. Moreover, it has been reported that oxygen vacancies could enhance the chemisorption of CO2, and mediate the electron transfer to the adsorbed CO2 to form the key mediate CO2 -, thereby promoting Consequently, the above results demonstrate that combination of SnS 2 and TiO 2 -B achieves an optimal band gap, which is not only narrow enough for obtaining strong absorption throughout UV and visible light region but also wide enough for spanning the range of the reduction and oxidation potentials relevant to the photocatalytic reduction of CO 2 and oxidation of H 2 O. In addition, the low recombination rate of electron-hole pairs by interface heterojunction and enough overpotential for the reduction of CO 2 to CO are achieved as well. All these advantages could enable it the excellent photocatalytic performance in CO 2 reduction.
The photocatalytic CO 2 reduction reaction was carried out in a 270 mL Pyrex reactor containing 20 mL N, N-dimethylformamide (DMF) and 10 mL ultrapure water. All samples were tested for 4 h under simulated solar light and visible light irradiation, respectively. The gaseous products obtained are analyzed by GC. The results indicate that the main product from CO 2 reduction is CO, while hydrogen is in a negligible amount and no CH 4 or other gases are detected. Figure 9a exhibits the CO production profile with reaction time under simulated solar light irradiation. It can be seen that SnS 2 shows the lowest CO amount during entire reaction period due to the quick recombination of electron-hole pairs as indicated in Figure 8a . While TiO 2 -W, SnS 2 /TiO 2 -W show improved CO production than SnS 2 , in agreement with the order of the photocurrent responses shown in Figure 8b . Herein, it is believed that the unique truncated bipyramidal structure of TiO 2 with the co-exposed {101} and {001} facets play an essential role in enhancing reduction of CO 2 , possibly through promoting the absorption and activation of CO 2 , or the improved separation of electro-hole pairs [12] . By contrast, TiO 2 -B shows higher CO production than TiO 2 -W, SnS 2 /TiO 2 -W, and SnS 2 , although TiO 2 -B displays the lowest photocurrent and highest PL intensity. It is suggested that Ti 3+ defects play a dominant role in increase CO production. Generally, the efficiency of CO 2 photocatalytic reduction mainly depends on the chemisorption and activation of CO 2 , light-harvesting, charge separation, and transfer. It should be noted that the chemisorption and activation of CO 2 is the initial and crucial step in CO 2 photocatalytic reduction. Moreover, it has been reported that oxygen vacancies could enhance the chemisorption of CO 2 , and mediate the electron transfer to the adsorbed CO 2 to form the key mediate CO 2 -, thereby promoting the reduction of CO 2 [17] . Upon introducing SnS 2 for improving the light-harvesting and separation of electron-hole pairs, the photocatalytic properties of SnS 2 /TiO 2 -B exhibit the highest CO production among samples. For comparison, the CO amount obtained the same reaction was performed for a catalyst of physical mixed TiO 2 -B and SnS 2 (SnS 2 +TiO 2 -B). Obviously, the produced CO amount is much lower than that of SnS 2 /TiO 2 -B, indicating the important role of the tight interfacial heterojunction in improving the photocatalytic performance. As for the results obtained under visible light irradiation as shown in Figure 9b , the order of the photocatalytic activity does not follow the same trend under simulated solar light conditions. Based on CO production, the catalysts can be classified into three distinctive groups. For SnS 2 /TiO 2 -W, SnS 2, and TiO 2 -W, they hardly produce CO. As for TiO 2 -B and (SnS 2 +TiO 2 -B), they show similar level of CO production, suggesting the main contribution to photocatalytic activity arising from Ti 3+ defective TiO 2 . Remarkably, SnS 2 /TiO 2 -B presents an exclusively highest CO production than others, which demonstrates its high photocatalytic efficiency solely driven by visible-light. Furthermore, the differences in CO production rates between simulated solar light and visible light irradiation are illustrated for each catalyst, as shown in Figure 9c . It is clear that the catalysts with TiO 2 -B component all show significantly higher activity than TiO 2 -W samples, revealing that Ti 3+ defects play the most essential role in the reduction of CO 2 . In addition, as shown in Table S1 (Entry 6-9), the control experiments performed under the conditions: under N 2 flow without CO 2 (Entry 6), without light irradiation (Entry 7), only using water without DMF (Entry 8), and only using DMF without water under N 2 flow (Entry 9) were conducted to identify the carbon source of the produced CO. A few amounts of CO and relatively enhanced amounts of H 2 are observed when using water alone, and not-detected amounts of CO is observed in other control experiments.
These results demonstrate that the detected CO product is through the photocatalytic reduction of CO 2 , not other sources in system. Moreover, the stability test of SnS 2 /TiO 2 -B was conducted under simulated solar light irradiation and shown in Figure 9d . There is no significant reduction of CO production in the consecutive four cycles, indicating its good stability.
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Photocatalytic Mechanism
Based on our results and the reported literature [38, [53] [54] [55] [56] , a plausible mechanism of photocatalytic CO 2 reduction on SnS 2 /TiO 2 -B is presented in Figure 10 . The CB and VB potential TiO 2 -B are −0.59 and 2.00 eV, respectively. The Ti 3+ defects in TiO 2 -B cause a sub-band between VB and CB of TiO 2 , this sub-band act as a drawing board when photoelectrons are excited to improve the light-harvesting property [53] . Under the radiation of light, the electrons on the VB of TiO 2 -B can jump directly to the CB (path (1)), or indirectly transferred to the CB through the Ti 3+ sub-band (path (2)). However, in TiO 2 -W, due to the absence of Ti 3+ state, the electrons can only directly reach to the CB through (path (1)), which is why TiO 2 -W does not absorb visible light (Figure 6a ). However, this sub-band also might provide recombination centers of photo-generated electro-hole pairs, thus increasing the recombination rate, evidenced by PL spectrum and photocurrent responses. By forming a heterojunction with SnS 2 , due to the higher CB edge at −0.90 eV of SnS 2 and the lower VB edge at 1.24 eV, electron transfer between TiO 2 and SnS 2 may follow two mechanisms (traditional type-II and Z-scheme) [54] . For traditional type-II mechanism, under the radiation of light, SnS 2 and TiO 2 will transfer photo-generated electrons from the higher HOMO level of SnS 2 to the lower CB of TiO 2 and photo-induced holes from the lower VB of TiO 2 to the higher LUMO of SnS 2 . In contrast, for Z-scheme shown in Figure 10 , the electrons on the VB of TiO 2 -B and SnS 2 are excited to the respective CB, along with the formed holes on VB. The electrons on the CB of TiO 2 -B tend to jump to the VB of SnS 2 and recombine with holes. Finally, the electrons distributed on the CB of SnS 2 and the holes distributed on the VB of TiO 2 -B. Different from the traditional type-II mechanism, the Z-scheme electron transfer mode can make the catalyst exhibit stronger redox ability in the photocatalytic process. 
Materials and Methods
Materials
N,N-dimethylformamide (99.9%, Aladdin), Titanium boride (TiB2, 99.9% metals basis, 3-5μm, Aladdin), Poly(sodium 4-styrenesulfonate) (PSS, average Mv ~ 70,000, powder, Aladdin), Hydrofluoric acid aqueous solution (HF, 40%, Shanghai Zhongqin Chemical Reagent Co., Ltd., Shanghai, China), Acetic acid (98.0%, Aladdin, Shanghai, China), Thioacetamide (TAA, 98.0%, Aladdin), Tin(IV) chloride pentahydrate(SnCI4·5H2O, 98.0%, J&K Technology Co., Ltd., Beijing, China). All the reagents were used as received without any further purification. High-purity water (18.25 MΩ·cm) was used in all the experiments. Defective TiO2 Nanoplates (TiO2-B) In a typical synthesis procedure, 0.5 g of TiB2 was dispersed in 10 mL of deionized water and Herein, it is deluded that the photogenerated charge transfer between TiO 2 and SnS 2 can follow the Z-scheme mode based on the following two points: (1) In the case of the photo-generated electrons following the traditional type-II mode, the electrons transfer to the conduction band of TiO 2 -B (−0.59 eV) for the reduction reaction. However, the potential of −0.59 eV could not provide enough overpotential for CO 2 reduction to CO (−0.53 eV). In other words, the reduction ability is too weak to initiate the reduction of CO 2 ; (2) According to the XPS results in Figure 5 , the significant increase in the binding energy of Ti 2p and the contrasting decrease in the binding energy of S 2p could support the transfer of electrons from TiO 2 to SnS 2 due to the formation of a heterojunction interfaces [38] . This Z-scheme charge transfer mode not only effectively inhibits the recombination of photo-generated electron-hole pairs, but also explains the strong redox capacity of the heterojunction catalyst SnS 2 /TiO 2 -B. What's more, according to the electron transfer in the Z-scheme mode, CO 2 reduction reaction would occur on SnS 2 surface. As thus, the selective formation of CO while insignificant production of H 2 on SnS 2 /TiO 2 -B might be reasonably illustrated by the cation-dipole interaction of the lattice Sn 2+ with DMF leading to a cationic surface, which could prevent the adsorption of H + , consequently the generation H 2 [55, 56] .
Synthesis of Ti 3+
Overall, the improved photoactivity of SnS 2 /TiO 2 -B as compared with TiO 2 -B, SnS 2 alone and the composite SnS 2 /TiO 2 -W toward CO 2 reduction can be ascribed to the following factors. On one side, the coupling of SnS 2 with TiO 2 -B achieves an optimal band gap size, which is relatively small to absorb light throughout UV and visible light range, and comparably large to span the range of the reduction and oxidation potentials relevant to the photocatalytic reduction of CO 2 and oxidation of H 2 O. On another side, the efficient separation and transfer of electrons and holes due to the interface heterojunction and the more reductive conduction band potential toward the reduction of CO 2 to CO are achieved as well.
Materials and Methods
Materials
N,N-dimethylformamide (99.9%, Aladdin), Titanium boride (TiB 2 , 99.9% metals basis, 3-5 µm, Aladdin), Poly(sodium 4-styrenesulfonate) (PSS, average Mv~70,000, powder, Aladdin), Hydrofluoric acid aqueous solution (HF, 40%, Shanghai Zhongqin Chemical Reagent Co., Ltd., Shanghai, China), Acetic acid (98.0%, Aladdin, Shanghai, China), Thioacetamide (TAA, 98.0%, Aladdin), Tin(IV) chloride pentahydrate(SnCI 4 ·5H 2 O, 98.0%, J&K Technology Co., Ltd., Beijing, China). All the reagents were used as received without any further purification. High-purity water (18.25 MΩ·cm) was used in all the experiments.
Synthesis of Ti 3+ Defective TiO 2 Nanoplates (TiO 2 -B)
In a typical synthesis procedure, 0.5 g of TiB 2 was dispersed in 10 mL of deionized water and was sonicated for 60 min. The resulting suspension was mixed with 8 mL of deionized water and 2 mL of HF aqueous solution under magnetic stirring at 700 rpm. The hydrothermal reaction of the mixture is performed in a 100 mL Teflon-lined autoclave at 180 • C for 12 h. After the reaction, the resulting solid powder was collected by centrifugation and then washed with deionized water three times. Finally, it was dried at 60 • C under vacuum overnight. The obtained dark blue sample was denoted as TiO 2 -B. For comparison, TiO 2 -W as a control sample without Ti 3+ defect was prepared by calcining TiO 2 -B at 600 • C for 8 h in muffle furnace.
Synthesis of SnS 2 /TiO 2 -B Photocatalyst
A total of 0.15 g of as-prepared TiO 2 -B was added to 20 mL aqueous solution of Poly (sodium 4-styrenesulfonate) of 0.3%, and the mixture was sonicated ultrasonication for 20 min. The solid was recovered by centrifugation and washed three times with deionized water, then dispersed in 20 mL deionized water. Next, 0.086 g SnCI 4 ·5H 2 O, 0.092 g thioacetamide (TAA) and 1 mL acetic acid were added under stirring. Five minutes later, the resulting suspension was transferred into a 100 mL Teflon-lined autoclave and heated at 160 • C for 12 h. After the reaction, the resulting solid powders were collected by centrifugation and washed with deionized water three times and finally dried at 60 • C under vacuum overnight. The resultant sample was denoted as SnS 2 /TiO 2 -B. Using TiO 2 -W as a substrate, the control sample SnS 2 /TiO 2 -W was obtained. In the absence of the TiO 2 , we prepared the sample SnS 2 nanosheets.
Characterization
The X-ray diffraction (XRD, Rigaku D/MAX-2500 diffractometer, Tokyo, Japan) with Cu Kα radiation was recorded to determine the crystal structure of the samples. The scanning electron microscopy (SEM, Hitachi S-4800, Tokyo, Japan) was performed to analyze the morphology and structure of materials. High-resolution TEM was carried out on a Tecnai G2 F-20 transmission electron microscope. A UV-vis spectrophotometer (Instant Spec BWS003 spectrometers, Shanghai, China) was used to obtain the optical absorbance spectra of the samples. The surface composition and chemical states were analyzed by X-ray photoelectron spectroscopy (XPS) on a PHI 1600 (PerkinElmer, Waltham, MA, USA) analyzer with X-ray excitation provided by an Al Kα X-ray source, and all the XPS spectra were calibrated by C1s binding energy which is 284.6 eV. Steady-state photoluminescence (PL) spectra were measured using a Horiba JobinYvon Fluorolog 3-21 with excitation at 370 nm. Photoelectrochemical measurements were recorded with an Autolab 302N Electrochemical System. An Ag/AgCl and a Pt plate were used as the reference electrode and the counter electrode, respectively. A glassy carbon electrode (GCE, 1.0 cm × 1.0 cm) coated with catalyst was used as a working electrode. Na 2 SO 4 (0.5 M) was used as electrolyte solution. Photocurrent curves of the samples were collected as switching the light source every 60 s at a potential of 0.2 V.
Photocatalytic CO 2 Reduction Measurements
The photocatalytic CO 2 reduction reaction was carried out in a 270 mL Pyrex reactor under ultraviolet-visible irradiation (300 W Xe lamp), visible light was obtained with a 400 nm long-pass filter. In brief, 30 mg catalyst was dispersed into 30 mL reaction suspension containing 20 mL N, N-dimethylformamide and 10 mL ultrapure water. Prior to the illumination, high purity CO 2 was bubbled through the reactor for 30 min, allowing the reactor to be filled with CO 2 (1 bar) while venting the air. The reaction temperature was maintained at 25 • C with a cooling water circulator. The gases were analyzed using gas chromatography equipped with a thermal conductive detector (TCD) and a TDX-01 packed molecular sieves column.
Conclusions
In summary, we have successfully synthesized dark blue TiO 2 nanoplates containing a large amount of Ti 3+ defects. This method is simple, safe and energy-efficient compared to the post-treatment for doping Ti 3+ defect into TiO 2 . After characterization, we found that Ti 3+ defects help to increase the absorption of visible light. However, a large number of Ti 3+ defects also inhibit the separation of photo-generated electron-hole pairs, which is not conducive to the photocatalytic reaction. Upon introducing SnS 2 , the heterojunction catalyst SnS 2 /TiO 2 -B not only possesses the strong light absorption from UV to visible light region, the lowest photo-generated charge recombination rate but also achieves a more negative conduction band potential than the reduction potential of CO 2 to CO, and thereby exhibits the significantly enhanced selectivity and yield of CO in photocatalytic CO 2 reduction. Notably, SnS 2 /TiO 2 -B produces CO at a rate of 58 µmol·h −1 ·g −1 under visible light irradiation, which is 2 and 19 times greater than those of alone TiO 2 -B and SnS 2 , respectively. Finally, a plausible photocatalytic mechanism on SnS 2 /TiO 2 -B was proposed that the electron transfer between TiO 2 and SnS 2 follows the Z-scheme mechanism. Our results present an effective way to gain highly efficient TiO 2 based photocatalysts for CO 2 reduction by combining different modification methods of TiO 2 and make full use of the synergistic effects. 
